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Abstract
Hydrothermal ZnO samples having lithium concentration in the range of
3 × 1014 – 1× 1017 Li/cm3 were implanted with nitrogen. The variation
of Li concentration was done by high temperature pre-anneals and con-
trolled by secondary-ion mass spectrometry (SIMS). The efficiency of zinc
vacancy clustering after ion implantation and post-implantation anneals
was monitored by positron annihilation spectroscopy (PAS). It was found
that the presence of Li enhances clustering of zinc vacancies considerably.
In addition the resistivity evolution was monitored by scanning spread-
ing resistance microscopy, and in combination with PAS, the results in-
dicate the presence of a Li–N related doubly negative complex emerging
at 800 ◦C. SIMS has also revealed the presence of additional processing
induced defects acting as a Li traps with much lower diffusivity than un-
trapped Li.
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Chapter 1
Introduction
Semiconductors is a cornerstone of our modern information society. In
particular silicon technology and its exponential growth has had a huge
impact on many parts of society. Silicon is used in all kinds of modern
electronic devices like computers, mobile phones and washing machines.
Although silicon has some great advantages over other semiconductors, in
particular its native oxide and the passivation thereof, it also lacks some
important properties. Among these are a direct bandgap which is needed
for optoelectronic purposes. Zinc oxide is a wide bandgap semiconductor
(∼3.37 eV)which has received a great deal of attention during recent years.
This is due to the properties of ZnO compared to other wide bandgap
semiconductors like GaN, its commercial “competitor”. High exciton en-
ergy is one of these important properties whichmakes ZnO a potential ma-
terial for optoelectronic devices like room temperature exciton lasers [1,2].
The wide bandgap of ZnO is tunable by alloying with for example Cd or
Mg [3, 4], allowing different wavelength LEDs in the blue to ultraviolet
region. Solar cells is another application in which ZnO may become im-
portant, either as an active layer in a multi-junction solar cell, or as a trans-
parent conductive oxide on crystalline silicon solar cells. It has also been
theoretically suggested that ZnO doped with transition metals has a high
Curie temperature [5]. This makes ZnO a candidate for spintronics ap-
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plications where both the electron charge and spin can be utilized to carry
information. In addition, cheap ZnO substrates grown by hydrothermal
(HT) method are available. Importantly the HT method is scalable and
thus ZnO is very well suited for large volume production. However, a bot-
tleneck for the ZnO technology is insufficient reliability of p-type doping,
which is needed to manufacture pn-junctions — fundamental components
to most of the electronic applications.
Group-V elements — N, P, and As — have been suggested to work as
acceptors, substituting oxygen in ZnO. N has been the most promising.
Group-I elements — Li, Na and K — on Zn site have been suggested
as shallow acceptors, but Li in particular has the problem of being com-
pensated by Li on interstitial site acting as a donor [6].
Doping of semiconductors is often done post-growth by in-diffusion
of dopants or ion-implantation. The latter method has the side effect of
creating high concentrations of point defects in the material. To remove
defects and activate dopants, annealing is required and the effects of an-
nealing at different temperatures can be quite complex. Furthermore the
dopants themselves can modify the behavior of intrinsic defects like va-
cancies and interstitials [7], of which some are electrically active in ZnO.
Since ZnO is naturally n-type, it is obvious to ask which defect is the
dominant donor, but the answer is still controversial after numerous stud-
ies [8, 9, 10]. In addition HT ZnO contains impurities like Li, Mg and Cu,
which properties need to be understood in order to utilize HT ZnO in
optoelectronics. In particular Li is important because of its amphoteric
nature in ZnO [6], making it responsible for high resistive as-grown sub-
strates. Vacancy clusters has been shown to deactivate Li compensators
in ZnO, thus proving a correlation between Li and zinc vacancies [11]. In
N+ implanted HT ZnO acceptor activation has been observed, though it
is uncertain whether N or Li is responsible [12]. Co-doping thin film ZnO
with Li and N has been shown to produce stable p-type material, where a
Li–N complex is found to be the responsible acceptor [13, 14, 15].
2
3The aim of this thesis is to clarify the role of Li on evolution of radiation
induced defects in ZnO by N+ ion-implantation. In addition, possible ac-
tivation of N and Li related acceptors in ZnO will be investigated.
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Chapter 2
Background
This chapter describes basic semiconductor theory including crystals and
crystal defects. Some of the previous work done on identifying defects
responsible for making as-grown ZnO n-type is presented, along with the
work on doping of ZnO to achieve n- or p-type conductivity. A particular
weight is given to literature on ZnO dopedwith N and/or Li, and on char-
acterization of acceptor type vacancies related to the dopants and doping
method by positron annihilation spectroscopy (PAS).
The first section of this chapter uses information found in coursebooks
on Solid State Physics by Kittel [16] and Solid State Electronic Devices by
Streetman and Banerjee [17], and further in-depth literature can be found
there.
2.1 Semiconductor Theory
A semiconductor, as the name suggests, has some properties between an
electrical insulator and conductor. To explain this we first look at a crys-
talline solid, which is made up by a periodic arrangement of atoms. In
an atom, the electrons can only occupy discrete levels of energy, and since
electrons are fermions, they cannot occupy the same state as another elec-
tron, according to the Pauli principle. When several atoms forms a crys-
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talline solid, these energy levels becomes energy bands, and the forbidden
gap between them is called the bandgap (Eg). The differences between
metals, semiconductors and insulators are illustrated in Figure 2.1. In
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Figure 2.1: Schematics of the energy band structure in solids, illustrating the
difference between insulators, semiconductors and metals.
metals, the energy states in the conduction band are partially filled with
electrons and thus the electrons are able to move freely to empty states. In
an insulator the valence band is completely filled with electrons, so that
no empty states exist for the electrons to move into. The conduction band
contains empty states, but no electrons. Thus no net transport of charge
is possible. Semiconductors are in this respect similar to insulators. The
difference is that the bandgap of semiconductors is smaller than that of
insulators. At 0K a semiconductor is insulating, and as temperature in-
creases, thermally excited electrons jump across the bandgap. One such
event creates an electron in the conduction band, and a hole in the valence
band, together called an electron-hole pair. Both of these can conduct elec-
tricity. Away to control the conductivity of semiconductors is to introduce
electrons or holes through a process called doping. By this technique con-
6
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ductivity can be varied over several orders of magnitude. An example is
silicon (Si), a group IV element, meaning it has 4 valence electrons. When
many Si atoms are brought together to a solid it forms covalent bonds to
4 other Si atoms which forms a tetrahedron around it and builds a dia-
mond structure. If no impurities are present, the perfect Si crystal is called
an intrinsic semiconductor. If an atom with 3 valence electrons (group III
elements) substitutes a Si atom, there are too few electrons to form bonds
with all the surrounding Si atoms, and if the energy level of this unfilled
state is close to the valence band, it will be filled by an electron from the
valence band and thus a hole is created in the valence band. A similar
mechanism can be described when atoms with 5 valence electrons (group
V elements) are substituting Si. It then adds electrons to the conduction
band. These dopants are called p- and n-type, respectively.
The charge carriers in a solid, electrons and holes, obey Fermi-Dirac
statistics. As more electrons are added to the system, they will have to
occupy higher and higher states of energy. The probability of a state be-
ing occupied by an electron is described by the Fermi-Dirac distribution
function:
f (E) =
1
1+ e(E−EF)/kT
(2.1)
In this equation, EF is the Fermi level and is defined as the energy at which
a state has probability 1/2 of being occupied. T is absolute temperature
and k is the Boltzmann constant. At 0K the distribution function is zero
above the Fermi level and 1 below the Fermi level. When temperature
is increased, some of the available states in the conduction band are oc-
cupied and the shape of the distribution function changes, but it remains
symmetrical around the Fermi level, see Figure 2.2. This symmetry makes
the Fermi level a natural point of reference for calculating carrier concen-
trations in semiconductors.
The band structure of a semiconductor is very important for the semi-
conductors optical properties. The bandgap can be direct or indirect. To
explain this further we need to move into reciprocal space. Any periodic
7
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Figure 2.2: Fermi-Dirac distribution as a function of energy at different temper-
atures. The energy is in units of Fermi energy.
lattice can be transformed into a reciprocal lattice by a Fourier transform.
A vector in reciprocal space has units of inverse length and can be de-
scribed as a wave vector ~k. In reciprocal space (~k-space), energy can be
plotted as a function of the wave vector and provides a map of allowed
values of energy as seen in Figure 2.3. In a direct bandgap semiconductor,
the top of the valence band is at the same point in~k-space as the bottom
of the conduction band. An electron in the conduction band may cross the
bandgap to recombine with a hole in the valence band. During recombin-
ation, light is emitted. In an indirect semiconductor, the top of the valence
band is at a different point in ~k-space than the bottom of the conduction
band, thus making a direct transition impossible. A recombination in an
indirect semiconductor happens via phonons, resulting in a less probable
transition. This mechanism leads to heat being created in the lattice rather
than light emission as is the case in a direct semiconductor.
8
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Figure 2.3: Schematics illustrating the difference between direct (left) and indir-
ect (right) bandgaps.
2.1.1 Crystal Defects
Understanding defects is a vital part of semiconductor science. Defects
can be an unintentional result of synthesis and processing, or a method
of controlling electrical properties. Although defects can be of higher di-
mensions (line dislocations, plane dislocations etc.), the focus herein will
be on point defects (0-Dimensional). Point defects can be of both intrinsic
and extrinsic nature. Vacancies and self-interstitials are examples of in-
trinsic defects, while substitutional or interstitial impurities are examples
of extrinsic defects. An illustration can be seen in the 2D crystal in Fig-
ure 2.4. These individual point defects may also agglomerate and form
second phase particles, defect complexes or vacancy clusters. Intrinsic de-
fects are formed from the constituents of the host material. For example,
an interstitial is an atom which is not on its usual lattice position, but on a
site between normal lattice positions. In ZnO intrinsic interstitials can be
made of oxygen and zinc, Oi and Zni, respectively. Similarly, a vacancy
is a missing atom in the lattice, and in ZnO these are vacancies in oxygen
9
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Figure 2.4: Two dimensional crystal with different types of point defects. 1: self-
interstitial, 2: vacancy, 3: substitutional, 4: vacancy cluster, 5: substitutional—
vacancy complex
and zinc sub-lattices, VO and VZn, respectively. An intrinsic substitutional
defect cannot exist in elemental semiconductors like Si, but in ZnO, which
is a compound semiconductor, it can. Such defects are called anti-sites and
consist of intrinsic atoms in the wrong sub-lattice. Zinc on oxygen site and
vice versa, ZnO and OZn, respectively. Extrinsic defects or impurities are
atoms foreign to the host material. It can be any atom from the periodic
system, but not all are electronically active in a given semiconductor. Im-
purities can be on substitutional sites, interstitial sites or be a part of larger
complexes involving other intrinsic or extrinsic defects.
2.2 Properties of ZnO and previous work
2.2.1 Crystal structure
ZnO crystallizes in a hexagonal wurtzite structure and the unit cell has
dimensions a = 3.25Å and c = 5.207Å. The zinc atoms lie inside an im-
perfect tetrahedron of oxygen atoms, where the bond along the c-axis is
shorter than the others as illustrated in Figure 2.5. This makes ZnO a po-
10
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Figure 2.5: Wurtzite structure unit cell. Space group P63mc
lar or piezoelectric material along the c-axis. The (0001) plane is called
O-face because it is usually terminated with O, and similarly the (0001)
plane is called the Zn-face. The polarity of the material can affect diffu-
sion of dopants due to, for example, charge difference in the distribution.
2.2.2 Properties of intrinsic defects in ZnO
ZnO without any intentional doping usually exhibit an n-type conduct-
ivity. Many studies have been performed to determine the source of the
n-type behaviour and there is still a significant controversy with this is-
sue. Anyhow, a predominant concentration of donor-like intrinsic defects
is one of the explanations.
11
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Table 2.1: Energy levels of intrinsic defects in ZnO. Ec and Ev are the conduction
band edge and the valence band edge, respectively.
Defect Energy level [meV]
VO Ec−100 [18]
Zni Ec−30 [8]
VZn Ev+270 [19]
Oi deep acceptor [20]
ZnO shallow donor [20]
OZn deep acceptor [20]
VO and Zni, with energy levels as listed in Table 2.1, are two intrinsic
donors suggested to be responsible for ZnO being naturally n-type [21].
This was challenged by Kohan et al. [22] who calculated that in Zn-rich
conditions VO, which Van de Walle [10] claims to be a deep donor and
thus not a dominating donor, should be more abundant than Zni due to
lower formation energy. Similarly, in O-rich conditions VZn should be
more abundant than Oi for the same reason. Zni is regarded as a shal-
low donor [23,8], but as Kohan et al. have shown, the concentration of Zni
is not high enough, due to high formation energy, to be responsible for the
n-type conductivity observed [22]. Experiments and calculations by Look
et al. [9] indicate that complexes such as Zni—NO and Zni—LiZn are both
shallow donors which may contribute to the n-type conductivity.
VZn and Oi are intrinsic acceptors in ZnO. VZn has been studied by
positron annihilation spectroscopy (PAS) and are the dominating intrinsic
acceptors in electron irradiated ZnO [24] and in O+ irradiated ZnO [25].
In the latter it was also shown that VZn is responsible for compensation
and thus high resistivity in O+ irradiated ZnO.
12
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2.2.3 Donors
Several extrinsic donors are listed in Table 2.2, and some of them have been
suggested to be responsible for n-type conductivity in ZnO. Hi or HO have
been suggested by Van de Walle and Janotti [10, 20] to be responsible for
the the unintentional n-type doping of ZnO. This may well be correct in
as-grown samples, but several studies show an out-diffusion of hydrogen
at reasonably low temperatures (≥500 ◦C) [26,27] without a dramatic con-
ductivity drop, suggesting that either an intrinsic donor or an impurity is
still providing electrons after H has diffused out. Al is a donor sugges-
ted to be responsible for the unintentional n-type doping of ZnO, but it is
unlikely that Al is present in every growth method available.
Table 2.2: Energy levels of selected n-type dopants in ZnO. Ec is the conduction
band edge
Defect Energy level (Ec−Ed) [meV]
Al 52 [28]
In 63 [28]
Ga 55 [28]
H 46 [28]
n-type doping of ZnO can be achieved with group-III elements like Al,
Ga and In substituting for Zn as shown by Minami et al. [29].
2.2.4 Acceptors
p-type doping is difficult to achieve in ZnO as well as some other wide
bandgap semiconductors like GaN and ZnSe. Suggested dopants include
substitution of Zn by group-I elements like Li, K and Na, or substituting
O with group-V elements like N, P, As and Sb. However several problems
arise:
13
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1. The dopant has low solubility in ZnO [30].
2. The dopant is a deep energy level acceptor.
3. The dopant is compensated by native defects [31] or background im-
purities.
4. The dopant is amphoteric, meaning it may act as both donor and
acceptor depending on its position in the lattice.
Despite the problems listed above, p-type conversion has been achieved
with Li [32, 14], As [33, 34], Sb [35, 36], P [37, 38] and N [39, 40, 41, 42]. But
problems with reproducibility and stability remain. Arsenic doped p-type
ZnO has been shown, but not by the expected mechanism. Rather than
residing on O-site, there were indications that As atoms resided on Zn-site
and acted as a donor, but the size-mismatch induced two zinc vacancies
which are acceptors. The total complex As—2VZn was found to be an
acceptor with 150meV ionization energy [34]. Of the group V elements,
N has been considered the most suitable p-type dopant in ZnO. This is
due to the stability of the dopants on O-site, compared to formation of
AX centers∗. Nitrogen is calculated to be more stable on O-site, whereas
P and As are more stable as AX centers [43]. Table 2.3 lists the reported
ionization energies of selected acceptors.
ZnO doped with lithium
Group I elements substituting for Zn should act as acceptors in ZnO, but p-
type doping by these elements has appeared to be difficult. Lii as a donor
and LiZn as an acceptor has been identified by Lander [6], confirming that
Li has amphoteric properties in ZnO. Since Li acts amphoteric, it often
produces high resistive ZnO. This is the case in hydrothermal (HT) ZnO
because LiOH is used in the synthesis resulting in a relatively high Li con-
tent in wafers, typically 5× 1017 cm−3. The Li content is possible to reduce
∗An AX center is a complex of an acceptor and an unknown defect
14
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Table 2.3: Energy levels of selected p-type dopants in ZnO, collected from Ref.
[43] unless otherwise specified. Ev is the valence band edge
Defect Energy level (Ea−Ev) [meV]
N 400, 165± 40 [44]
P 930
As 1150
LiZn 90, 110±10 [32], ≥500 [28]
NaZn 170
LiZn–NO 138 [15], 126 [13], 95 [14]
by high temperature heat treatment of the wafers, causing out-diffusion of
Li [45].
Despite the amphoteric nature of Li, p-type ZnO has been reported
using Li as the only dopant, and the acceptor activation energy was shown
to be 110±10meV [32]. The activation energy is a subject of dispute, and
Li has also been shown to be a deeper acceptor (≥ Ev + 500meV) byMeyer
et al. [28]. The solubility of Li in ZnO is very high, up to 30% of Zn can be
replaced by LiZn [46], such that LiZn is an attractive candidate for p-type
doping.
Another effect of Li that has been observed is clustering of vacancies.
Chen et al. implanted HT ZnOwith Li and characterized the samples with
a slow positron beam. After annealing at 500 ◦C, they observed large va-
cancy clusters and even micro-voids that annealed out at higher temper-
atures [47]. Børseth et al. observed a similar clustering after 20ms flash
anneals, which also lead to a lowering of resistivity, explained by deactiv-
ation of Li acceptors by the vacancy clusters, a feature not seen in conven-
tionally annealed samples [11].
15
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ZnO doped with nitrogen
Nitrogen has been explored as a p-type dopant in ZnO because of its suc-
cess in ZnSe [48,49]. Nitrogen occupies O sites and is a reasonably shallow
acceptor with acceptor level 160-200meV [50, 44]. Unfortunately the solu-
bility of NO is low (∼ 3.8× 1017 cm−3), but can be enhanced by co-doping
methods. Komatsu et al. observed a 400-fold increase in solubility by co-
doping with Ga [51].
Nitrogen concentrations of 1019 cm−3 has been achieved without p-
type conversion [52]. This may indicate that nitrogen is more readily com-
pensated in ZnO than ZnSe, or that N may occupy sites in which it is not
electrically active. Lee et al. calculated that N-doped ZnO may be com-
pensated by (N2)O combined with NO—(N2)O complexes [53]. This has
also been confirmed by Li et al. in an experiment designed to reveal the
compensation source in N-doped ZnO [54].
Stability is also an issue in N doped ZnO. Lu et al. showed that N
doped p-type ZnO reverted to n-type ZnO after less than 6-months [14].
A similar behaviour was observed by Xiao et al. in N doped p-type ZnO,
which turned n-type after irradiation by 2.72 eV photons, and reverted to
p-type after a 27 h relaxation time [42].
Chen et al. observed an interesting annealing behaviour in N+ im-
plantedHTZnO characterized by positron annihilation, where results were
explained as follows: Implantation induced damages first partially an-
neals out at 800 ◦C, then at 1000 ◦C, thermally generated vacancies form
stable complexes together with Nitrogen [55]. Børseth et al. observed ac-
ceptor activation in Nitrogen implanted HT ZnO at 800 ◦C, but questions
were raised as to whether Li or N were responsible [12].
ZnO co-doped with lithium and nitrogen
As described above, Lii is a donor compensating LiZn in ZnO. And simil-
arly (N2)O is compensating NO. Therefore a way to repress Lii or (N2)O
16
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formation is of interest. Co-doping Li and N has been tried by Wang
et al. and stable p-type ZnO produced by RF-magnetron sputtering was
reported [13]. They reported LiZn–N complexes found by XPS measure-
ments, and estimated an acceptor level at ∼126meV. Lu et al. reported
stable p-type ZnO:(Li,N) grown by PLD [14]. They compared with ZnO:Li
and ZnO:N and found that the co-doped samples were stable after 1 year,
whereas themono-doped samples converted to n-type in less than 6months.
They estimated the acceptor energy to be 95meV. Duan et al. later sugges-
ted that LiZn–NO could not be the responsible acceptor due to high form-
ation energy, based on ab-initio calculations. They argued that reduction
of compensating defects like Lii by co-doping with N was a more likely
mechanism [56]. Recently Zhang et al. identified LiZn–NO as an acceptor
with energy level 138meV and VZn with an energy level 248meV [15] in
ZnO:(Li,N) produced by PLD. They suggested that both of these may be
responsible for p-type conduction.
17
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Experimental techniques
This chapter describes the experimental procedure used in this thesis. First
the sample preparation and work flow are presented, then a review of the
most important characterization techniques is given.
3.1 Sample preparation and work flow
In this work commercially available HT ZnOwafers 10×10×0.5 mm3 hav-
ing a resistivity of ∼ 102 Ω·cm and a high Li content (∼ 1× 1017 Li/cm3)
are used as the starting material labeled as High Li sample. Two wafers
were pre-annealed at 1000 ◦C and 1500 ◦C for 1 hour in air, resulting in
a decrease of Li concentration down to 5× 1016 and 1× 1014 Li/cm3 and
labeledMedium and LowLi, respectively. The complete work flow scheme
is illustrated in Figure 3.1. In accordance with the method developed in
Ref [45], the 1500 ◦C pre-anneal was followed by surface polishing be-
fore further processing. In short, the polishing was done by mounting
the sample in an alumina ring setup and grinding it with 2400 and 4000
grade SiC paper to ensure the flatness of the sample. Then it was polished
using 15, 6, 3 and 1 µm polycrystalline diamond particles on a textile, se-
quentially. The samples were then implanted with N+ ions using a dose
of ∼ 3.5× 1015 cm−2. The High and Low Li samples were implanted us-
19
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Figure 3.1: Sample work flow illustrating both sample preparation and charac-
terization
ing an energy of 500 keV, whereas the Medium Li sample was implanted
with an energy of 800 keV. After ion implantation, the wafers were cut into
4 pieces (5× 5mm2) and annealed in air for 1 hour, at temperatures 600,
800 and 1000 ◦C, leaving one un-annealed sample for reference. The an-
nealings were performed in a horizontal tubular furnace using a sample
holder made of alumina.
The samples were measured using three different techniques; positron
annihilation spectroscopy, secondary ion mass spectrometry and scanning
spreading resistance microscopy, in that order. No particular preparation
is needed for PAS and SIMS measurements. For SSRM, where a cross sec-
tion measurement is done, we need to create a flat surface for optimum
conditions to perform resistance measurements. In addition we need to
ensure good electrical contact between the sample and the instrument base
(back contact).
The flat surface is created by simply cleaving the sample. First a dent is
20
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made on the edge of the implanted side, then the samples is put on a piece
of cloth, implanted side down. A diamond tipped pen is placed close to
the dent made and pressure is applied until the sample breaks. A nice flat
cross section surface is often the result.
Good electrical contact is ensured by placing the sample on a piece of
copper tape and dabbing a tiny amount of InGa on the sample, then wrap-
ping it up in an easy to handle package with the surface to be measured
sticking out.
21
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3.2 Positron Annihilation Spectroscopy
Positron Annihilation Spectroscopy (PAS) is a technique to measure con-
centration and type of defects in metals and semiconductors. Positrons
were predicted by Dirac in 1928 and observed for the first time by Ander-
son in 1932. The positron is the anti-particle of the electron with opposite
charge and equal mass to the electron. It is created by the β+ decay of
22Na or other radioactive sources. 22Na produces positrons with energies
ranging from 0 to 540 keV. In addition to the positron, a photon with en-
ergy E=1.274MeV is emitted in 90.4% of the cases, see Figure 3.2. When
Na
Ne
²²
²²
β+
β+
γ
(90.4%)
(1.274MeV)
(0.1%)
3.7 ps
EC (9.5%)
2.602 a
Figure 3.2: 22Na radioactive decay scheme. In 90.4% of decay cases, a photon is
emitted immediately after the positron allowing for lifetime measurements. The
22Na isotope has a half-life of 2.602 years.
an electron and a positron meet they annihilate and create gamma radi-
ation. There must be two or more photons created by the annihilation
due to the conservation of momentum law. It can be shown that annihil-
ation resulting in two photons is the most probable outcome, by a factor
of ∼ 370 compared to the second most probable outcome, 3 photons [57].
When a positron enters a crystal lattice it will first thermalize, then diffuse
until it annihilates with an electron, see Figure 3.3. If the crystal is perfect
the positron will be delocalized and can annihilate with a random electron
22
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in the material after an average lifetime τbulk. On the other hand, if the
crystal contains open volume defects (vacancies or vacancy clusters), the
positron is attracted to these due to the lack of a positive nucleus which re-
pulse the positron. Because of the low electron density in such vacancies,
the wavefunction of the positrons that enters are changed dramatically,
and the positrons become localized. This is called trapping, and the vacan-
cies are called positron traps. Because the vacancies have a lower electron
Time 
Measurement
Detector 1 Detector 2
Start photon 1.274 MeV
Two annihilation
photons
E=511 keV±∆E
Positron 0-540 keVPositron Source
Na22
Figure 3.3: Positron Annihilation Spectroscopy - Basic principles
density, the lifetime τV of the positron increases accordingly. In addition
a positron that annihilate in a vacancy will most probably annihilate with
a valence electron of the neighbouring atoms whereas a positron which
annihilate in the bulk will have a higher probability of annihilation with
a core electron. This affects the annihilation radiation because a core elec-
tron have higher momentum than a valence electron. The positron itself
has negligible momentum compared to the electrons because it is allowed
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to thermalize, whereas the average electron has higher momentum due to
the electronic structure of a solid, as explained in section 2.1. This brings
us to the two techniques which is most used, Positron Lifetime Spectro-
scopy and Doppler Broadening Spectroscopy.
3.2.1 Lifetime measurements
Positron Lifetime Spectroscopy measures the average lifetime of a positron
implanted into the sample. As mentioned, when a positron enters a per-
fect crystal, it will thermalize, then diffuse in the sample until it anni-
hilates with an electron. This gives the positron an average lifetime in
the sample. This lifetime can be measured by first detecting the emitted
1.274MeV photon from the 22Na decay, then measuring the time until a
511 keV photon from the annihilation is detected. If the crystal is not per-
fect, but has vacancy type defects, the positron is attracted to these by
Coulomb forces and trapped. Due to the low electron density in the va-
cancy, the probability of annihilation decreases. Thus the lifetime of the
positron increases. Different defects result in different lifetimes, and this
makes it possible to extract information about type of defect as well as con-
centration of defects in a single measurement. This is a major advantage
of Positron Lifetime Spectroscopy.
3.2.2 Doppler Broadening Spectroscopy
Doppler Broadening Spectroscopy measures the momentum (i.e. the fre-
quency or energy) of the annihilation photons. The positrons are passed
through a moderator, often consisting of a single crystalline tungsten foil.
The positrons exiting the foil has energies corresponding to the work func-
tion of the moderator (typically a few eV), and can be accelerated to a de-
sired energy before being implanted in the sample. This allows for a depth
profiling of the surface of the sample. Unfortunately the process of mod-
erating and accelerating the positrons causes loss of correlation between
24
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the 1.274MeV start photon and the annihilation event, and lifetime meas-
urements are no longer possible.
The mean implantation depth for a positron, 〈z〉, is related to the en-
ergy, E, by the following formula:
〈z〉 =
BEn
ρ
(3.1)
where the density of ZnO is ρ = 5, 6 g/cm3. B = 4 µg/cm2 keV−n and
n = 1.6 are widely used empirical values determined by Vehanen et al.
[58].
If the electron and the positron were at rest at the instant of annihil-
ation, the emitted photons would have a total energy of 1022 keV cor-
responding to the rest mass of the positron and the electron, in the two
photon annihilation case, 511 keV per photon. But the positron and the
electron are not at rest, and so the 511 keV line will broaden:
∆E =
pzc
2
(3.2)
Here pz is the momentum of the annihilating electron—positron pair in
the z-direction (the line of flight direction of the photons). This results in
a distribution change similar to what is illustrated in Figure 3.4. The mo-
mentum of the thermalized positron is negligible compared to the electron
due to the electron being subject to Fermi statistics, whereas the positron
is alone in the crystal. This explains why the broadening is almost only
due to the electron momentum. As explained earlier, the positron gets
trapped in vacancy type defects. In the vacancy there are mainly valence
electrons from the neighbouring atoms. So when the positrons annihilate
with low momentum valence electrons in a vacancy, the emitted photons
has energies closer to 511 keV. Compare this to positrons annihilating in
the bulkwhere the probability of annihilatingwith a core electron is higher
and thus results in a greater shift in the momentum of the annihilation
photons. The S parameter∗ is defined as the area of the central part of the
∗Shape parameter - Also called the valence annihilation parameter
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Figure 3.4: Doppler Broadening - Energy windows of S and W parameters
annihilation peak, divided by the area below the entire curve, A0,
S =
As
A0
, As =
E0+Es∫
E0−Es
ND dE (3.3)
Similarly the W parameter† is defined as the high momentum part of the
curve divided by A0,
W =
Aw
A0
, Aw =
E2∫
E1
ND dE (3.4)
These definitions are illustrated in Figure 3.4. The S and W parameters
change according to the concentration and type of defects. Higher concen-
tration of vacancies gives higher S parameter and correspondingly lower
W parameter. These data is commonly presented as S(E), W(E) and W(S)
†Wing parameter - Also called core annihilation parameter
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plots. Often all three is presented to give a complete picture. The S(E) plot
can in the simplest case (e.g. only mono vacancies present) be read as con-
centration of defects as a function of positron energy (depth). But if there
are other defects present, the S and W parameters are not that simple to
interpret. A W(S) plot makes this interpretation easier. It is common to
W
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S parameter
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C
Figure 3.5: Example of a W(S) plot, where A corresponds to the bulk annihilation
state, while B and C are related to the defect states. There are 3 samples shown
containing B-type defects (triangles), C-type defects (squares) and a mixture of B
and C (stars).
define two reference points, A and B, corresponding to the bulk values
from a defect free sample (A) and values corresponding to a sample sat-
urated with mono vacancies (B). If the values measured deflect from the
line between A and B, we know that defects other thanmono vacancies are
present in the sample. If there are two defects (B andC) that trap positrons,
the points in the plot are values determined by the triangle of A, B and C.
This is illustrated in Figure 3.5. In depth profiling experiments, it is im-
portant to note that the positrons implanted with low energies will diffuse
to the surface and annihilate with surface states, which may look like a
separate defect. Therefore we often omit the positrons implanted with en-
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ergies lower than 4 eV in W(S) plots. To make the data comparable to
experiments done in other labs and with other chosen energy windows, it
is common to normalize the data using values from a defect free reference
sample, S/Sref and W/Wref.
Doppler broadening spectroscopy and lifetime measurements can be
performed with temperature as a parameter to provide more information
about the observed defects. In particular, information about the ioniz-
ation energy of the defects. This is due to the ionization of defects by
means of thermal excitation. Temperature dependent PAS is useful be-
cause positrons only get trapped at neutral and negative defects. This
means that donor-type defects which is positive at high temperatures and
thus invisible to positrons, becomes neutral at temperatures below the ion-
ization energy (kT < Ed) and detectable by positrons. The opposite is the
case for acceptor-like defects, which may be negative at high temperat-
ures (kT > Ea) and thus very attractive for positrons, but neutral at low
temperatures so that positrons is less attracted to it. The acceptor/donor
nature of a defect can be determined in addition to its ionization energy.
A limitation of the method is that at low temperatures (<150K) the surface
of the sample acts as a molecular trap where gas molecules in the vacuum
chamber condenses. This may lead to a charged surface which attracts
shallow implanted positrons and the condensed gases also provides new
annihilation sites. In all, this limits low temperature measurements to bulk
samples, as thin film measurement data often becomes corrupted.
28
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3.3 Secondary Ion Mass Spectrometry
Secondary Ion Mass Spectrometry (SIMS) is a technique used to character-
ize the concentration of dopants in semiconductor surfaces and thin films.
It is based on the physical phenomenon called sputtering, in which ener-
getic ions bombards a sample and the sample ejects particles. In SIMS, the
energetic ions called the primary beam, with energies between 3-15 keV,
is focused and directed towards the sample in which ions, atoms and mo-
lecules are sputtered off. Only the ions are detectable as they can be con-
trolled by electric and magnetic fields, and they create what we call the
secondary beam. The ionized particles are then accelerated and filtered
in two stages before hitting a detector. First they move through an elec-
tric field and a slit which separates the ions by energy. Then the ions of
equal energy passes through a magnetic field and a slit which separates
the particles by momentum. The path of primary and secondary ions are
illustrated in Figure 3.6. The particles that have passed through both filters
have the same mass-to-charge ratio.
M
q
=
rmB
2
reE0
(3.5)
If themagnetic field strength is changedwe also change themass-to-charge
ratio of the particles that hit the detector as indicated by Equation 3.5. We
then measure number of counts as a function of time and magnetic field.
An important quantity in SIMS is the sputtering yield, which is defined
as the ratio of emitted secondary atoms to incoming primary ions Y =
Ns/Np. Typical yield values is in the range of 1-15. Note that Ns includes
neutral atoms and molecules, and that only ionized species are detectable
in SIMS. Yield is dependent on the primary ions mass, energy and angle
of incidence, in addition to the target atom mass and its surface barrier
height for atomic emission. Ionization probability is another important
quantity, but no accurate theory exist to describe it. Ionization probability
29
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Figure 3.6: Secondary Ion Mass Spectrometry - Basic principles
is dependent on ionization energy‡ and electron affinity§ of the sputtered
species, for positive and negative ionization respectively. This means that
elements to the right in the periodic table tends to be negatively ionized
and vice versa. The ionization probability can be enhanced by the type of
primary ion. An electronegative primary ion promotes positive ionization
(left side of periodic table), and an electropositive primary ion promotes
negative ionization (right side of the periodic table). For this reason most
SIMS setups are equipped with two sources of primary ions, often oxygen
‡Ionization energy is the energy required to remove an electron from a gaseous atom
or ion.
§Electron affinity is the energy change that occurs when an electron is added to a
gaseous atom.
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(O+2 ) and cesium (Cs
+).
By rastering the beam over a square, a crater is created and the concen-
tration as a function of depth (z) can be measured, this technique is called
depth profiling. In this mode the counts of each element to be monitored is
registered within a certain time window. The number of counts is propor-
tional to the concentration of the element by multiplying with a relative
sensitivity factor RSF.
IR
IE
= RSF
CR
CE
(3.6)
Where IR is the intensity of the reference species or matrix, and IE is the in-
tensity of the species of interest. This factor is determined by measuring a
reference sample with a known concentration of the dopant in question. A
reference sample can be created by ion implanting a sample with a known
dose, and then integrating the measured SIMS profile to determine the
concentration at the implantation peak. In depth profiling mode SIMS is
capable of detecting concentrations smaller than 1015 cm−3, or to put this
in perspective; 1 impurity atom out of a billion lattice atoms is detectable,
which is truly a magnificent sensitivity.
Other modes of operation is imaging and mass spectrum. In imaging
mode a two dimensional image of the rastered plane is generated, and
changes in concentration as a function of x and y is visualized. In mass
spectrum mode the entire mass-to-charge spectrum is scanned by chan-
ging the magnetic field in the magnetic sector analyzer continuously, mak-
ing it possible to determine which elements are present in the sample. The
results are usually plotted as a histogram plot with mass on x-axis and
counts/s on y-axis. A mass spectrum plot can be difficult to interpret
as we see only the masses of an ion, which may consist of one or more
atoms. This is called mass interference, and is a very common problem in
SIMS. An example of this occurs in phosphorous doped silicon, where 31P
has approximately the same mass as 30Si1H, 29Si1H2 and 28Si1H3. 30Si1H
(30.9815957 amu)is closest to 31P (30.9737620 amu) in mass and very high
mass resolution is needed to discriminate between these two (M/∆M =
3955).
31
32 Experimental techniques
In addition quantification is difficult, because each observed element
requires calibration using a reference sample. Without the calibration we
only observe an intensity [counts/second], and not a concentration.
A common problem that arises is the charging effect. This is caused
by highly resistive samples, or a high resistivity layer due to ion implant-
ation, leading to positive charge buildup at the surface. This charge de-
flects incoming ions and corrupts the measurement. Often this effect can
be countered by using an electron gun to compensate by adding negative
charge (electrons) to the measured surface.
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3.4 Scanning Spreading Resistance Microscopy
Scanning Spreading Resistance Microscopy (SSRM) is a mode of Scanning
Probe Microscopy (SPM), in which a conductive SPM-tip is put in contact
with a sample and scanned across the surface. Another mode is Atomic
Force Microscopy (AFM), which is usually conducted in tapping mode,
which means that the tip is vibrating from an applied sinusoidal force Fω
close to its resonance frequency. In tapping mode the tip is only touching
the surface intermittently and causes little damage to the surface and tip.
A less sophisticated mode is contact mode, where the tip is pressed into
the surface by a constant force and thus inflicts more damage to the sur-
face and tip than tapping mode. In both modes the vertical motion of the
tip is measured by a laser which is reflected of the cantilever of the tip to a
photodetector. SSRM is conducted in contact mode and differs from AFM
in that a DC bias is applied to the conducting tip so that a current passes
through it and we can measure variations in resistance in addition to to-
pography. This makes it possible to visualize a 2D picture of the resistivity
of a surface.
Scanning probe
Logarithmic current ampliﬁer
Bias Voltage
Back contact
log(I)
Sample
Figure 3.7: Scanning Spreading Resistance Microscopy - Basic principles
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The resistancemeasured is a sum of several components, namely spread-
ing resistance Rs, contact resistance Rc (between tip and sample as well as
back contact), probe resistance Rp and bulk sample resistance Rbulk:
Rtot = Rs + Rc + Rp + Rbulk (3.7)
Rs ≈
ρ
4a
(3.8)
Where a is the radius of the tip and ρ is the resistivity. Of these compon-
ents, only the spreading resistance, Rs, varies as we scan across a small
area of the sample. The other components should be as low as possible to
achieve accurate measurements. The resistivity is the inverse of conduct-
ivity 1/ρ = σ = qnµ where n is carrier concentration and µ is the carrier
mobility. Extracting carrier concentration is a challenging task since it is
dependent on both mobility and tip radius, which may not be known.
Tip radius may even change during measurement due to tip wear, and
comparison with samples of known resistivity is needed at every meas-
urement to make quantitative measurements. Also damage to the sample
due to the pressure of the tip towards the surface is a drawback. Still, a
qualitative measurement of carrier concentration across a sample is read-
ily achieved, and it is possible to resolve carrier concentration differences
of about 15% [59] within a huge dynamic range (1016 to 1020At/cm3 [60]).
Another great advantage of SSRM is the precision in spatial resolution
(<3 nm) [60]. SSRM can be utilized on a cleaved wafer to measure the
cross section so that a depth profile (resistivity vs. depth) can be plotted
based on an average of several scanned lines.
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Results
In this chapter the experimental results are presented. Three characteriz-
ation techniques are used; SIMS, PAS and SSRM. The results will then be
discussed in Chapter 5 and compared with each other in order to extract
information on the mechanisms and defects involved.
4.1 N and Li concentration measurements
To obtain the N and Li∗ depth profiles a Cameca IMS 7F Secondary Ion
Mass Spectrometer (SIMS), with Cs+ andO+2 as the primary beam, respect-
ively, have been employed. As a reference signal the ions 70Zn16O−2 and
70Zn+ were chosen with the Cs+ and O+2 sources, respectively. The SIMS
sensitivity for nitrogen and lithium is around 1017 cm−3 and 1013 cm−3, re-
spectively. The high lithium sensitivity is achieved by increasing primary
beam current and reducing raster size, but note that this also results in
reduced depth resolution.
The samples as described in Section 3.1 were measured in depth profil-
ing mode to establish the concentration of nitrogen and lithium as a func-
tion of depth. The samples are referred to as the High Li, Medium Li and
∗Only the 7Li isotope is measured and shown in the plots herein. The natural abund-
ance is 92.41% 7Li, and 7.59% 6Li [61].
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Table 4.1: Summary of Li concentration measurements in as-implanted samples.
Sample Li conc. [cm−3]
High Li 1× 1017
Medium Li 5× 1016
Low Li 3× 1014
Low Li samples, according to their bulk Li content as measured by SIMS
and summarized in Table 4.1. The plots are shown in Figures 4.1, 4.2 and
4.3, respectively. In addition Figure 4.4 illustrate the Li content to a depth
of 27µm in the Low Li samples.
The nitrogen implantation energy was 500 keV in the High and Low
Li samples, and 800 keV in the Medium Li samples. This corresponds
to a peak at 660 nm and 900nm, respectively, according to TRIM calcu-
lations [62]. As illustrated in Figure 4.1, 4.2 and 4.3, the SIMS profiles
shows a nitrogen peak at the same positions as predicted by the TRIM cal-
culations. The long tail of the nitrogen profiles is due to ion channeling
during implantation, and is more pronounced at higher implantation en-
ergy, even though the critical angle of admitting an ion into a channel is
lowered with increasing energy [63]. There are some variations in peak
concentration of the as-implanted samples compared with the annealed
ones in both the High and Medium Li samples, as can be seen from Fig-
ure 4.1 and 4.2. Several measurements were done, and slight differences
in concentration were detected in different positions on the same sample.
This means it is probably not diffusion related since it is not related to an-
nealing temperature. The reason for this non-uniformity is probably due
to fluctuations in the ion beam current. The importance of this for the PAS
measurements is small because of the large difference in inspected area
during SIMS and PAS measurements. Indeed the PAS equipment used
in the measurements described in Section 4.2 has a positron beam with
38
4.1 N and Li concentration measurements 39
Region
 I
Region
 II
(a)
(b)
Figure 4.1: N (a) and Li (b) concentration versus depth profiles in samples con-
taining High Li concentration as measured by SIMS
diameter of 2-3mm compared to a SIMS crater of 200× 200µm2, provid-
ing that minor local non-uniformity in nitrogen concentration averages in
PAS measurements.
Two regions are defined in the samples for later reference, and are il-
lustrated in Figures 4.1, 4.2 and 4.3. The first is Region I corresponding to
the region close to the surface with low N concentration but high implant-
ation induced damage. The other is Region II corresponding to the region
close to the peak of N concentration.
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(a)
(b)
Figure 4.2: N (a) and Li (b) concentration versus depth profiles in samples con-
taining Medium Li concentration as measured by SIMS
The lithium profiles as plotted in Figures 4.1, 4.2 and 4.3 show a redis-
tribution of Li after annealing at temperatures ranging from 600 to 1000 ◦C.
In the as-implanted samples the Li concentration, as listed in Table 4.1,
was constant with respect to depth. Due to charging effects, as described
in Section 3.3, the data near the surface was lowered significantly.
In all samples annealed at 600 ◦C, an agglomeration of Li can be seen
slightly deeper than the N peak. Behind this agglomeration region, we see
a lowering of the Li concentration before it approaches the original bulk
40
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Figure 4.3: N (a) and Li (b) concentration versus depth profiles in samples con-
taining Low Li concentration as measured by SIMS
level. This characteristic behaviour can be seen in all samples annealed at
600 ◦C, though it is more pronounced in the Medium Li sample in Figure
4.2. Note that the peak Li concentration is ∼ 2.2× 1017 in both High and
Medium Li samples, despite the difference in bulk concentration. In the
low Li sample, the Li concentration levels out approximately 4 µm deep at
a level slightly below bulk level, as confirmed in Figure 4.4.
800 ◦C anneal leads to a maximum in Li concentration at the nitrogen
peak in all samples. Also there are two local minima before and after the
41
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Figure 4.4: Li concentration versus depth profiles in samples containing Low
Li concentration as measured by SIMS. Primary current is increased and raster
size decreased to achieve higher sensitivity and sputter rate. The red line is an
extrapolation of the as-implanted bulk Li level.
nitrogen peak, indicating that Li atoms are diffusing from both sides to-
ward the peak and are trapped within the peak. This behaviour is increas-
ingly clear as Li content decreases. In Figure 4.4 we can see that the Li
content deeper than 5 µm is below the Li detection limit of ∼ 1013.
After annealing at 1000 ◦C, a minimum Li concentration is observed at
the nitrogen peak in all samples. In the High and Medium Li samples, as
seen in Figures 4.1 and 4.2, the Li concentration rises back to bulk level at
1.5 and 2.5µm, respectively. Figure 4.4 illustrates that this changes dra-
matically in the Low Li sample, where a slowly decreasing Li concentra-
tion gradient goes deep into the sample, and not falling below bulk values
before 17 µm into the sample.
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4.2 Vacancy depth profiling
The samples prepared were measured at the Technical University of Hel-
sinki using Positron Annihilation Spectroscopy (PAS) to study acceptor
type vacancies. PASwas employed in a Doppler Broadening Spectroscopy
mode, providing information about neutral and negative vacancies (depth
distribution, structure etc.). Slow positrons of energy 0.5-38 keV were im-
planted in the samples and the annihilation radiation were detected by
two Ge detectors which has a resolution of 1.24 keV at 511 keV. The counts
at different energy were then processed into the S and W parameters, as
described in Section 3.2, where S is the counts in the central part of the
annihilation line, |Eγ − 511 keV| ≤ 0.8 keV. Similarly the W parameter is
the counts in the wing of the annihilation line, 2.9 keV≤ |Eγ − 511 keV| ≤
7.4 keV. These energy windows are illustrated in Figure 3.4. Furthermore
the S andWparameter were normalized, also described in Section 3.2. Fig-
ures 4.5, 4.6 and 4.7 illustrates the PAS Doppler broadening measurements
performed on HT samples having High, Medium and Low Li concentra-
tion, respectively. Two different plots are made from the data collected,
namely S parameter versus Energy plots S(E) and W parameter versus S
parameterW(S) as described in Section 3.2.2. The dashed line in the W(S)
plots has the same position and slope in all plots and the slope repres-
ents the size of the vacancy clusters (3 to 4 VZn) as observed by Børseth et
al. [12].
For positron implantation energies corresponding to Region I, as de-
scribed in Section 4.1, Figures 4.5, 4.6 and 4.7 show that the S parameter
increases in the as-implanted sample, having a peak just before the actual
N implantation peak which is indicated by the vertical dashed line. The
W(S) plots all show a similar behaviour, with points residing on a line
deviating slightly from the bulk-VZn line, indicating that small vacancy
clusters, (VZn)2, are created during N+ implantation. It is worth noticing
that in Figure 4.7, the S parameter is significantly higher than that in the
other samples.
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Figure 4.5: Positron annihilation spectroscopy results for the sample containing
High Li concentration. Top: S parameter vs Energy. Bottom: W parameter vs S
parameter
After annealing at 600 ◦C the S parameter in Region I increase substan-
tially for all samples, see Figure 4.5–4.7. This does not mean that the con-
centration of vacancies increase, but rather that the nature of the vacancies
change. This can also be seen in the W(S) plots, in which the points clearly
shows a deviation from the bulk-VZn line, indicating that large vacancy
clusters (3-4 VZn) are present. In addition it can be seen that these points
follow the straight dashed line, indicating that the concentration of mono
vacancies is constant as a function of depth, and that the concentration of
44
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Figure 4.6: Positron annihilation spectroscopy results for the sample containing
Medium Li concentration. Top: S parameter vs Energy. Bottom: W parameter
vs S parameter
the vacancy clusters is varying as a function of depth.
When the samples are annealed at 800 ◦C, the S parameter in Region
I is lowered substantially in the High and Medium Li samples (Figures
4.5 and 4.6), indicating that vacancy clusters dissociate and anneal out, in
accordance with previously observed behaviour [55, 12]. Also the W(S)
plots in Figures 4.5 and 4.6 show that the points follow a line at a slightly
different angle than the bulk-VZn line. However, the Low Li samples as
shown in Figure 4.7 has a very high S parameter in Region I after 800 ◦C
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Figure 4.7: Positron annihilation spectroscopy results for the sample containing
Low Li concentration. Top: S parameter vs Energy. Bottom: W parameter vs S
parameter
anneal, contrary to the other samples annealed at 800 ◦C. In addition the
W(S) plot show that large open volume defects still exist.
The 1000 ◦C anneal leads to further reduction in S parameter in Re-
gion I of the High Li sample closer to a typical HT ZnO bulk S parameter
value of 1.005†, indicating that excess vacancies anneal out. In the High
and Medium Li samples, only small changes results from the 1000 ◦C an-
†As seen the in back side measurement of the as-implanted Low Li sample in Figure
4.7
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neal, because even at 800 ◦C, most zinc vacancies are annealed out. For the
Low Li sample, the S parameter is lowered considerably, but still far from
the typical HT bulk value, indicating that vacancy related defects are still
present in the sample.
In Region II in Figures 4.5, 4.6 and 4.7, an S parameter maximum is
observed slightly before the nitrogen peak in the as-implanted samples.
This is as expected after ion implantation, which creates vacancies before
the projected range, and self-interstitials at and after the projected range
[64]. In accordance with this an S parameter drop is observed after the N
peak.
In the High and Medium Li samples, annealing at 600 ◦C causes an
increase in S parameter, compared with the as-implanted samples, which
reaches partially into Region II, as shown in Figures 4.5, 4.6 and 4.7. It must
be stressed that the implantation depth distribution of positrons is roughly
a Gaussian curve which widens with higher implantation energy. This
means that the information at any given point includes information from
surrounding points, and as such the high S parameter from Region I will
have influence on the S parameter in parts of Region II. This may indicate
that large vacancy clusters are not present deeper than the nitrogen peak.
Annealing at 800 ◦C causes a characteristic drop in the S parameter in
Region II for the samples containing High or Medium Li. This drop is not
observed in the samples annealed at 600 or 1000 ◦C, nor is it observed in
the Low Li sample.
Only small differences in S parameter is observed in Region II after
1000 ◦C anneal, compared with the other temperatures. The exception is
the 800 ◦C anneal as explained above.
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4.3 Depth profiling of electrical resistance
Region
 I
Region
 II
Figure 4.8: SSRM resistance as a function of depth for High Li samples.
The samples were prepared for SSRM as described in Section 3.1 and
mounted on the sample stage of a Nanoscope Dimension 3100 Scanning
Probe Microscope (SPM) from Veeco Instruments. The instrument was
equippedwith commercial Ti-Pt coated Si tips from µMash, with tip radius
of curvature ≤ 35 nm.
Figure 4.8, 4.9 and 4.10 shows the spreading resistance as a function
of depth in High Medium and Low Li samples, respectively. Note that
the absolute resistance is not comparable between measurements. Only
changes within one measurement should be compared, due to tip wear,
which affects the area measured, and thus the measured resistance as seen
in Equation 3.8.
In the as-implanted samples, a resistance peak is clearly seen∼ 100 nm
before the actual nitrogen implantation peak, as indicated by the vertical
dotted line. After the peak, a resistance minimum is seen. In the Low
Li sample another peak can be seen at about 2.0µm depth before a sharp
drop.
48
4.3 Depth profiling of electrical resistance 49
Region I
Region
 II
Figure 4.9: SSRM resistance as a function of depth for Medium Li samples.
Region
 I
Region
 II
Figure 4.10: SSRM resistance as a function of depth for Low Li samples.
After annealing at 600 ◦C a drop in resistivity is observed in Region I
of all samples, compared with the as-implanted samples. In contrast, a
significant increase in resistivity is observed in Region II in the 600 ◦C an-
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nealed samples, compared with the as-implanted samples. This behaviour
is present inHigh,Medium and LowLi samples, with resistance difference
of approximately 5, 2 and 2 orders of magnitude, respectively. In addition
the high resistive region is much wider in the Medium Li sample, correl-
ating to a wider nitrogen implantation peak as seen from Figure 4.2.
Annealing at 800 ◦C results in rather similar resistance profiles as that
at 600 ◦C, with an exception that there is a second resistance peak very
close to the surface. Also the resistance difference between minimum and
maximum is 2, 5 and 1 orders of magnitude in the High, Medium and Low
Li samples, respectively.
The samples annealed at 1000 ◦C has ∼ 2 orders of magnitude peak-
to-peak resistance difference in the High and Low Li sample. The meas-
urement on the Medium Li sample shows a resistance drop in Region II,
which is not consistent with the measurements of the High and Low Li
samples.
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Discussion
In this chapter, the results presented in the previous chapter will be dis-
cussed. The experiment was designed to reveal the importance of Li in the
mechanism of vacancy clustering and to determine whether Li played a
part in the acceptor activation observed by Børseth et al. [12]. Li concen-
tration was intended to be the only variable in the experiment. Unfortu-
nately, one error was detected in the Medium Li sample regarding the N+
implantation energy which was higher than intended. In addition an un-
expected high concentration of defects as a result of the surface polishing
procedure was discovered. In particular the role of Li in vacancy cluster
formation (Section 5.2) becomes more complicated to interpret.
5.1 Distribution of VZn and Zni in as-implanted
samples
First let us look at the as-implanted samples. The SSRM results in Figures
4.8–4.10 indicate a peak in the resistivity about 100 nm from the N peak
towards the surface in all as-implanted samples. The PAS results simil-
arly indicate a peak in S parameter at approximately the same position in
Figures 4.5–4.7, indicating that the positrons annihilate in zinc vacancies.
This is a clear indication that zinc vacancies are the dominant acceptors
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responsible for compensation of donors in the region between the sur-
face and the implantation peak. This is in agreement with that shown
by Zubiaga et al. in O+ irradiated ZnO [25]. In addition, following a
sharp decrease in resistivity after the N peak, we observe a resistivity min-
imum. Due to the momentum of the incoming ions during implantation,
and the creation of vacancies in the region before the N peak, we expect
higher concentration of interstitials in the region after the N peak. A sim-
ilar separation between vacancy and interstitial profiles has been studied
by Brown et al. and found to be correct in ion-implanted Si [64]. In our
samples the S parameter also decreases in the end-of-range implantation
region indicating lower VZn concentration (note that PAS gives no inform-
ation on concentration of interstitials). Still, assuming the damage separ-
ation occurs, the resistivity minimum can be explained by an increase of
interstitial donors, and the obvious candidates are Zni and Lii. Due to the
number of Zn atoms being approximately 5 orders of magnitude higher
than Li, an assumption that Zni dominates is reasonable. In addition Look
et al. observed a donor as a result of electron irradiation which was iden-
tified as Zni with a donor level of 30meV [8]. On the other hand, com-
putational studies has shown that Zni has high formation energy and low
migration barrier, rendering Zni unstable [20], and thus suggesting that it
may disintegrate and leave Lii to dominate as an interstitial donor.
5.2 Vacancy cluster formation promoted by Li at
600 ◦C
In Region I in the High and Medium Li samples annealed at 600 ◦C, the
Figures 4.5 and 4.6 show that the S parameter increases significantly in
both samples, but more so in the sample containing more Li. The W(S)
plot show a clear deviation from the ZnO bulk-VZn line indicating that
the positrons are annihilating in large vacancy clusters. A similar effect
has been observed by Børseth et al., who estimated that the slope indic-
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ates that at least 3 to 4 VZn and probably a similar number of VO forms
vacancy clusters [11]. Importantly the amount of vacancy clusters gener-
ated during 600 ◦C annealing is significantly higher in the High Li sample
as compared to that in the Medium Li sample, suggesting a correlation
between Li concentration and vacancy clustering∗. Note that the com-
parison between High and Medium Li samples holds despite the afore-
mentioned difference in implantation energy in the samples. This is be-
cause the increase in energy leads mainly to a displacement of the damage
peak while the concentration of implantation induced vacancies exhibit
only minor changes according to TRIM calculations as shown in Appendix
A. In other words, if Li concentration would have no effect, the S para-
meter magnitude in the samples after 600 ◦C anneal in Figures 4.5 and 4.6
might reach similar values, which is obviously not the case, concluding
Li-assisted vacancy clustering in ion-implanted ZnO.
The Li enhanced clusteringmay be due to Li stabilizing vacancy clusters
by forming a Li-VZn complex. This complex has reduced mobility and al-
lows clusterization with mobile VZn and VO. Indeed positively charged
V+O and Li
+ are needed to proceed with vacancy clustering, since they are
compensating negative charge from V−Zn and stabilizing the clusters. This
explanation is alternative to amechanism proposed by Chen et al. in which
Lii reacts with Oi and forms Li2O, thereby reducing the concentration of
Oi available to recombine with VO and indirectly causing increased clus-
tering of VO and VZn [47].
In addition we see from SSRM measurements in Figures 4.8-4.10 that
the high resistivity layer in Region I in the as-implanted samples, is con-
verted to a low resistivity layer after the 600 ◦C anneal. This indicates that
simultaneously with the clustering, a compensating acceptor disappears
in this region, and VZn is an obvious cause. This indicates that either (i) the
vacancy clusters are electrically inactive, (ii) that a large proportion of the
∗Note that the same is not seen in the Low Li samples, which is explained in section
5.5 by polishing induced damage corrupting the measurement data.
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zinc vacancies are annealing out simultaneously or (iii) that the clusters
are deactivating compensating Li.
5.3 Activation of N related acceptors at 600 and
800 ◦C
A significant increase in resistivity is observed in all samples after anneal-
ing at 600 ◦C in Region II. Note that this high resistivity region coincides
with nitrogen enriched regions in the samples, indicating N-related ac-
ceptor activation. However, we do not see any reasonable changes in S-
parameter profiles in Region II when comparing as implanted and 600 ◦C
annealed samples. This needs an explanation because the presence of neg-
atively charged acceptors should potentially affect positron annihilation
results. This is because a positron trapped by an acceptor at lattice po-
sition will be localized around the acceptor in a hydrogen-like Rydberg
state, causing it to annihilate with random electrons in the lattice, pulling
the S and W parameters toward bulk values, as observed by Børseth et
al. [12]. Let us consider 800 and 1000 ◦C PAS results first and suggest an
explanation later.
Annealing at 800 ◦C results in a decrease in the S parameter in the vi-
cinity of the N peak, while 1000 ◦C anneal brings the S-parameter profile
in Region II practically back to the original as-implanted value. A possible
reason for that may be a constant concentration of VZn related positron
annihilation states in Region II, while the characteristic decrease of the S-
parameter is due to nitrogen related acceptor activation. Why do we not
observe this drop in S-parameter in the 600 ◦C samples then? This brings
us back to the promised explanation of the relationship between PAS and
SSRM profiles after 600 ◦C anneal.
One scenario can be that 600 ◦C and 800 ◦C anneal results in acceptors
exhibiting different nature and/or charge states. Acceptors listed in Table
5.1 are suggested based on comparison of the host of experimental data.
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Note that complex resistivity variations are observed at all annealing tem-
Table 5.1: Possible acceptors causing high resistivity in Region II of all annealed
samples and S-parameter drop in samples annealed at 800 ◦C.
600 ◦C 800 ◦C
NO LiZn–NO
NO–VZn
peratures, suggesting interaction between donors and acceptors having
different nature, but only after 800 ◦C do we observe the lowering of the
S parameter at the N peak in the High and Medium Li sample. This may
suggest that Li and N forms a complex and since both of them can act as
acceptors, the complex may be a double acceptor. In n-type ZnO double
acceptors have double negative charges and are particularly attractive for
positrons, thus this may be the cause of the lowering of the S parameter
toward bulk value. It should be noted that the reason we do not observe a
lowering of S parameter in the Low Li sample may be due to the polishing
induced defects described in Section 5.5.
The most obvious complex involving both Li and N is LiZn–NO and
may be the complex observed here. This is in accordance with recent ex-
periments in which Li andN co-doping has been explored and an acceptor
identified as LiZn–NO is found that is more shallow than N or Li by them-
selves [13, 14, 15].
As shown by the results herein, Li is highly mobile and very import-
ant for electrical properties, and must be considered if present. Look et
al. claims to have made p-type ZnO by N doping of a thin film on va-
por phase ZnO substrate [50]. They diffused in Li to make the substrate
semi-insulating, so that Hall measurements could be performed without
interference from the substrate. The thin film was deposited by Molecular
Beam Epitaxy (MBE), using Zn, O2 and N2 as sources. The substrate tem-
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perature was 525 ◦C, which is high enough for Li to diffuse. This means
that also the thin film may contain a very high concentration of lithium.
Considering the discussion above, the film may even have higher concen-
tration of Li than the bulk if the film has more as-grown defects than the
bulk. This in turn may have an effect on the electrical properties of the
film, maybe due to LiZn acceptors or a Li and N related acceptor complex.
A SIMS analysis of the Li content of the films might have shed more light
on this issue. In addition Yuan et al. have recently shown that Li is attrac-
ted to the surface of the growing film during MBE growth, where it acts as
a surfactant and causes improved film quality [65]. This further supports
the notion that the film grown by Look et al. in Ref. [50] probably has high
Li content.
5.4 Accumulation of Li in the implantation re-
gion
One selected SIMS result from Figure 4.2 is re-drawn in Figure 5.1 and il-
lustrate the Medium Li sample annealed at 600 ◦C, and we observe an ac-
cumulation of Li slightly after the N peak. This may indicate that defects
created during ion-implantation acts as a trap for Li. To see if this hypo-
thesis is correct, a diffusion simulation based on the framework developed
by Johansen et al. [66] was performed (the matlab code can be found in Ap-
pendix B). The simulation was performed with a trap profile as shown in
Figure 5.1, and we see that only the right flank of the trap profile is filled
with Li diffusing in from the bulk. This means that the Li already present
within the trap profile stays there, and mobile Li from the bulk is diffus-
ing into the traps and starts filling the trap profile. If the annealing time
was longer, we would expect to see the entire trap profile being filled with
Li. The trapping causes a lowering in the Li concentration slightly deeper
than the trap profile. Note that the bump in the simulated profile is not as
deep as the real one. The reason for this is not known, but it may suggest
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Figure 5.1: Simulated and measured profiles of Li concentration in Medium Li
sample annealed at 600 ◦C. In the simulation a hypothetical Gaussian distribution
trap profile as shown in the figure was used.
that in addition to the trapping observed, another defect is increasing the
diffusivity of Li in this region. One scenario may be that zinc interstitials
created during ion-implantation and located slightly deeper than the peak
(as argued in Section 5.1), are enhancing the diffusion properties of lithium
and thus causing the deep bump.
5.5 Annealingbehaviour of polishing induced de-
fects
Manufacturing of the Low Li samples involved annealing at 1500 ◦C and
then polishing as described in Section 3.1. Figure 4.7 shows the PAS res-
ults from these samples, which differs significantly from the High and
Medium Li samples. Starting with the as-implanted sample, the S para-
meter is high throughout the sample, indicating higher concentrations of
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open volume defects, as a result of (i) the high temperature annealing or
(ii) the polishing. If (i) where the case, we would expect to see similarly
high S parameter on the unpolished backside of the sample, but this is not
the case as seen in Figure 4.7. This means (ii) is more likely. In addition
the annealing behaviour of the defects observed in the polished sample
is very different from the others. In Region I, the 600 ◦C anneal causes
the S parameter to increase to a level higher than in the other samples,
whereas a lower S parameter was expected due to lowering of the Li con-
tent. Moreover, the behaviour after 800 ◦C anneal is even more spectacu-
lar. The S parameter is not decreasing significantly from that of the 600 ◦C
level, indicating that the defects are much more stable than vacancies and
vacancy clusters which to a large degree anneal out at 800 ◦C in the High
and Medium Li samples (comparing with Figures 4.5 and 4.6). The W(S)
plot in Figure 4.7 shows large open volumes after 600 and 800 ◦C anneal
as indicated by the strong deviation from the bulk-VZn line. Even after
1000 ◦C anneal, the S parameter is above typical bulk values, indicating
that the defects persist, but the W(S) plot show that the size of the open
volumes has decreased. PAS measurements has also been performed in
an experiment designed to reveal more of the nature of the polishing de-
fects and a plot is shown in Appendix C that confirms that thermally stable
defects are created by polishing. Selim et al. also observed an increase in
S parameter after polishing, and attributed this to defects created by dis-
locating motions during the polishing procedure [67]. They reported that
the defects annealed out at 1100 ◦C. Presumably the same defects intro-
duced by polishing was also observed using PL by Hamby et al. [68] and
was identified as Zni and VZn, acting as donor and acceptor, respectively.
A mechanism that explains the annealing behaviour in Figure 4.7 can
be proposed. The defects introduced by polishing are observed by PAS
in the as-implanted sample, indicating that open volumes exist before an-
nealing. These defects are thermally more stable than point defects intro-
duced by for example ion implantation, indicating that the defects may
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be dislocations. Annealing at 600 ◦C causes mobile vacancies created by
the ion implantation to diffuse to the dislocations and become trapped.
This causes large open volumes to be created, where the vacancies are
bound with varying strength to the dislocations. When the temperature
is increased, some vacancies dissociates and are allowed to diffuse and
eventually anneal out causing a drop in the S parameter. However, the S
parameter stays high compared with bulk values even after 1000 ◦C an-
neal, indicating that a major part of the dislocations are still present.
In addition to the PAS measurements, SIMS gave another indication
of polishing induced damage. In Figure 4.4 an accumulation of Li can be
seen in the region near the surface (≤ 5 µm. deep) after annealing the Low
Li sample. This accumulation is a result of highly mobile Li diffusing from
the bulk and being trapped in defects near the surface. The defects in ques-
tion here are not only related to implantation, since the defects penetrates
much deeper than the projected range, and as such polishing damage is
a likely cause. The Li level in the 800 ◦C sample falls below 1013 cm−3, a
concentration so low that it can be called depleted. Since the measurement
was ended at about 18µm, an estimate of how deep the Li depletion is
can be made by assuming a constant Li concentration in the as-implanted
sample and an abrupt end of the Li depleted region.
5µm∫
0
C800 ◦C(x)dx =
a∫
0
Cas−implanted(x)dx (5.1)
By solving with respect to a, one finds that Li is depleted till a depth of
∼ 34 µm.
In Figure 4.4, the flank where the Li concentration is dropping dra-
matically in the 600 ◦C and 800 ◦C samples can be seen to be wider in the
800 ◦C sample, and dramatically wider in the 1000 ◦C sample. This may in-
dicate that the complex created by Li and a trap is diffusing outward again
from the area where Li was trapped, and this complex has a much lower
diffusivity than Li in the bulk. It must be noted that the situation may be
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more complex than sketched above, for instance several complexes having
different dissociation properties may be involved.
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Chapter 6
Conclusions and further work
6.1 Conclusions
N+ ion-implantation into HT ZnO causes production of zinc vacancies
(VZn) and small vacancy clusters detected using PAS. VZn is an acceptor
and the cause of a highly resistivity implantation induced layer located
slightly before projected range, as detected by SSRM.
In the samples annealed at 600 ◦C, we observe formation of large va-
cancy clusters with 3-4 VZn and probably a similar number of VO. This
effect is more pronounced in samples containing more Li, meaning that Li
is an essential part of these vacancy clusters.
Indications of the electrical activation of nitrogen related acceptors are
observed after annealing at several temperatures. Specifically a Li–N com-
plex is suggested to be activated by 800 ◦C annealing. The Li–N complex is
believed to be doubly negative because it is visible to positrons, in contrast
to the other N related acceptors observed.
It was observed that Li accumulates in a region close to projected range.
This region is damaged by ion-implantation and thus a high concentra-
tion of Li traps is found here. A simulation was performed and the result
matches a selected diffusion profile reasonably well.
We discovered damages created by mechanical polishing that reached
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deeper into the samples than expected. In this region PAS profiles were
affected significantly, suggesting that this treatment is not suitable for ex-
periments involving PAS. This finding is in agreement with a recent study
by Selim et al. [67]. In addition we observe that the polishing induced
damage acts as Li traps and causes accumulation of Li in the surface re-
gion. These traps, when filled with Li, has a much lower diffusivity than
the Li present in bulk, and widening profiles can be seen with increasing
annealing temperatures.
6.2 Suggestions for further work
The possible Li–N complex should be studied further, first and foremost to
determine un-ambiguously its presence. Preferably such a study should
be performed on single crystal samples of high quality containing negli-
gible concentration of Li, for example vapor phase or melt grown ZnO. A
method can then be developed to introduce Li by diffusion to obtain a con-
trollable concentration in the range from ∼ 5× 1014 Li/cm3 to ∼ 1× 1018.
5× 1014 Li/cm3 is a quite low concentration, but still measurable by SIMS.
With this method developed one could introduce varying concentrations
of Li, including one substrate without any Li. Nitrogen could be intro-
duced by ion-implantation, and annealing performed at 800 ◦C, which has
previously caused activation of the acceptors visible by PAS. Bymeasuring
the samples with PAS and SIMS, one could then determine if the acceptor
activation is purely N related or if Li plays an important part. In addition
temperature dependent PAS studies and/or Hall measurements would be
valuable to determine the activation energy of the possible complexes.
In addition, the diffusion constant of Li can be determined during de-
velopment of the above mentioned method to introduce low concentra-
tions of Li in pure ZnO crystals, and the subsequent isochronal or iso-
thermal anneals. This way is more reliable than ion implantation, due to
the complexity of implantation induced traps.
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A study of the nature of the Li traps observed herein and whether they
are O or Zn related can be performed. One could use low energy electron
irradiation (100-500 keV) to produce defects in the sample. Because of the
difference in mass between Zn and O, it is possible to selectively generate
defects on only one sublattice as shown by Rempel et al. in SiC [69]. At en-
ergies below a certain threshold value, electron irradiation should create
damage primarily on the O sublattice, thus creating VO and Oi. Above this
threshold value, a more equal distribution of damage on both sublattices
is expected. The concentration of Zn vacancies could be monitored using
PAS. Li can then be introduced to the sample either by in-diffusion or ion-
implantation of Li to achieve a concentration higher then the defect con-
centration created by the electron concentration, followed by annealing at
relatively low temperatures so that the created defects does not anneal out,
and Li is allowed to diffuse and fill the the potential defects acting as Li
traps. One could then measure the Li concentration using SIMS and by
comparing samples irradiated with different energy, one could determine
if the traps are related to the O sublattice (VO and Oi) or Zn sublattice (VZn
and Zni).
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Appendix A
Vacancy distribution as calculated
by TRIM
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Figure A.1: Vacancy depth profiles as calculated by TRIM using N+ implanta-
tion energies of 500 keV and 800 keV. The unit on y-axis is the output from TRIM.
Calibration is needed to convert this to concentration units.
A simulation using TRIM was done to establish that peak VZn concen-
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tration created byN+ implantation is the samewhether 500 keV or 800 keV
energy was used. The difference is only in the depth of the peak which is
at ∼640 nm and ∼890 nm, respectively, as seen in Figure A.1.
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Matlab code for Li diffusion and
trapping
The matlab code listed below is a modification of a diffusion script written
byKlausMagnusHåland Johansen (e-mail: k.m.h.johansen@fys.uio.no).
% Setting the constants
D = 3e-12 %D0*exp(-Ea/(k_b*T)) %2.7e-11; %cm^2/s
v = 0.00;
R = 1e-8; %5e-8; %cm
K = 4*pi*R*D;
D = D*1e8; %Converting to um^2/s since the imported data is in um.
dx = 0.05;
Li = 5.3e16;
% Time step
dt=0.08*dx*dx/(2*D)
min = 60;
time_stop = min*60;
%Initial conditions
size = 30;
i_end = size/dx;
%Setting initial vector:
Peak1 = 6e17;
Pos1 = 0.78;
Wid1 = 0.14;
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Peak2 = 0e17;
Pos2 = 0.1;
Wid2 = 0.03;
Peak3 = 0e17;
Pos3 = 0.05;
Wid3 = 0.01;
for i = 1:i_end
u1(1,i) = Li;
x(i) = dx*i;
Trap(1,i) = Peak1*exp(-(x(i)-Pos1)^2/Wid1)
+ Peak2*exp(-(x(i)-Pos2)^2/Wid2)
+ Peak3*exp(-(x(i)-Pos3)^2/Wid3);
end
% Preallocations
u1_temp = double(zeros(1,i_end-1));
u2 = double(zeros(1,i_end-1));
u2_temp = double(zeros(1,i_end-1));
%Boundary conditions
for n = 1:2%n_end
%Li-concentration
u1(1,1) = Li; %1e25;
u1(1,i_end) = Li;
%Complex-concentration
u2(1,1)=0;
u2(1,i_end)=0;
end
n = 0;
time = 0;
%Time iterations
while time < time_stop
n = n + 1;
%Position iteration
for i = 2:i_end-1
%Complex formation
u2_temp(1,i) = (K*(u1(1,i))*abs(Trap(1,i)
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- u2(1,i)) - v*u2(1,i))*dt + u2(1,i);
%Diffusion
u1_temp(1,i) = dt*(D*(u1(1,i+1)-2*u1(1,i)+u1(1,i-1))/(dx*dx))
- (K*(u1(1,i))*abs(Trap(1,i)-u2(1,i))-v*u2(1,i))*dt + u1(1,i);
u1(1,i) = u1_temp(1,i);
u2(1,i) = u2_temp(1,i);
u1(1,1) = u1(1,2); %2*u1(1,2)-u1(1,3);
u2(1,1) = u2(1,2); %2*u2(1,2)-u2(1,3);
end
time = time + dt;
end
% Plot
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Appendix C
Polishing induced defects
measured by PAS
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Figure C.1: Positron annihilation spectroscopy results for samples polished and
annealed at given temperatures. Top: S parameter vs Energy. Bottom: W para-
meter vs S parameter
A set of samples was heat treated at 1500 ◦C and polished. Then the
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samples was measured using PAS Doppler broadening spectroscopy. The
results is illustrated in Figure C.1, and indicate that polishing induces a
rather deep defect profile.
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